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Pig Liver Esterase (PLE) is an effective enzyme used in the Masterson Research Group 
due to its ability to hydrolyze only one ester in a malonic diester. PLE is employed for creating 
chiral molecules for the synthesis of unnatural amino acid precursors. Previous research in the 
group found that malonic half esters with hydrogen bonding capable substrates yielded varying 
degrees of enantiomeric excess, and non-hydrogen bonding substrates yielded racemic 
mixtures.1,2 The  compounds synthesized contained substrates consisting of thiophene rings in 
the second and third position, and these molecules act as a control for the other research done in 
the group. Due to sulfurs inability to hydrogen bond, it was suspected that the synthesized 
compounds would be racemic.3 However, this was not the case. The hydrolysis product from 
Figure 3 had an enantiomeric excess of 43%, and the hydrolysis product from Figure 9 gave an 
enantiomeric excess of 8.6% These results question the initial hypothesis that a thiophene-
substituted malonic half ester would be racemic. This could be caused by the size of the sulfur 
atom sterically hindering one enantiomer, but the exact reason is unknown. Further research will 
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Chapter 1: Introduction 
In organic chemistry, chirality refers to a molecular structure that has a non-
superimposable mirror image. Chiral molecules usually contain at least one chiral center (four 
unique substituents attached to the same carbon atom), and the two non-superimposable mirror 
images of the molecule are known as enantiomers of each other. One’s hands are examples of 
this phenomenon. 
When a compound has a single chiral center, two enantiomers are possible. Chiral High 
Performance Liquid Chromatography (HPLC) separates enantiomers with a chiral column, and 
the enantiomers are observed as different peaks, as shown in Figure 1 and Figure 2. The area of 

















The numbers above each peak represent retention times for each component of the 
mixture. The peak’s integration was used to determine enantiomeric excess. 
 
 
Figure 1: Peaks of interest from the HPLC chromatograph of the 







Like Figure 1, the numbers above each peak represent retention times for each 
component of the mixture. The peak’s integration was used to determine enantiomeric excess. 
Although the differences between two enantiomers are structurally small, each 
enantiomer interacts differently with other chiral molecules, and being able to separate each 
enantiomer can be crucial, despite the difficulty of the task. In medicine, drugs can have one 
enantiomer that helps a patient and one enantiomer that harms a patient. One famous example of 
this principle is the thalidomide incident in late 1950s Germany. Thalidomide was used to treat 
morning sickness and nausea in pregnant women. Unbeknownst to the company selling the drug, 
Chemie Grünenthal, the (R) enantiomer treated the morning sickness while the (S) enantiomer 
caused severe birth defects.4 Due to thalidomide, thousands of infants were born with 
phocomelia. Since then, drug regulatory agencies such as the federal Food and Drug 
Administration in the United States require stringent testing of each enantiomer of a chiral drug 
to determine any potentials risk.5 
Figure 2: Peaks of interest from the HPLC chromatograph of the 




Seeing that the separation of enantiomers is imperative, organic chemists are researching 
ways to improve the enantiomeric excess of their synthesis products. Enantiomeric excess (%ee) 
is a measure of optical purity for chiral compounds. If a compound has 0% enantiomeric excess, 
it is a racemic mixture (50% of one enantiomer and 50% of another enantiomer). A compound 
only containing one enantiomer has 100% enantiomeric excess and is considered optically pure.6 
To calculate %ee, Equation 1 can be used: 
(𝟏) %𝑒𝑒 = (
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑃𝑒𝑎𝑘 1 − 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑃𝑒𝑎𝑘 2
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑃𝑒𝑎𝑘 1 + 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑃𝑒𝑎𝑘 2
) 𝑥 100  
The goal of our research is to investigate whether hydrogen bonding from a thiophene-
substituted malonate affects and improves the enantiomeric excess of the product of a PLE 
hydrolysis. The reaction pathway in Figure 3 starts with dimethyl malonate and 2-
thiophenecarboxaldehyde and ends with 3-methoxy-2-methyl-3-oxo-2-(thiophen-2-
ylmethyl)propanoic acid. This pathway acts as a control for current research done in the group. If 
prior hypotheses about the effects of hydrogen bonding on enantiomeric excess are correct, the 
pathways of both Figure 3 and Figure 9 should result in racemic products given thiophenes 
inability to be a hydrogen bond donor or acceptor.  
Beginning with work done by Dr. Maureen Smith, the malonic half esters, shown in 
Figure 3, were synthesized.1 Dr. Smith’s original hypothesis was that hydrogen bonding groups 
on a substrate would significantly change the enantioselectivity of the products. However, she 
found that products R1 and R2 were found in a racemic mixture while products R3 and R4 were 
found to have some enantioselectivity. Dr. Smith duly noticed an increase in enantioselectivity 
with the addition of ethanol co-solvent. Since her discovery, the Masterson Research Group has 
focused on further exploring the effects of these hydrogen bonding interactions on the 
enantiomeric excess of similar products.  
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In chemistry and biochemistry, enzymes act as catalysts to facilitate specific biochemical 
reactions such as DNA synthesis and digestion. Without enzymes in the human body, our natural 
bodily processes could not be performed quickly enough to maintain life. In the human body, the 
enzymes tend to be stereospecific, meaning only one enantiomer is present. In the lab, however, 
isolating the enantiomers of these chiral compounds can be complicated. At the end of a reaction, 
a racemic mixture can have its enantiomers separated, but 50% of the product is then wasted. In 
the medical industry where these compounds are often costly, throwing away half of the product 
is not a fiscally responsible option. Although these enantiomers can be separated, the difficulty 
and cost of the process necessitates for a more efficient method. The research being done in the 
Masterson Research Group now is comprised of two main components – preparing precursors 
for unnatural amino acid synthesis and improving enantiomeric excess. If both components yield 
maximum success, a more efficient way to synthesize only a single enantiomer of a substance 
and a more stable (unnatural) amino acid will be created.  
While former undergraduate researcher Jacob Pruett worked with furan side chains, my 
research involved the synthesis of an unnatural amino acid precursor with a thiophene sidechain 
and an alpha methyl, which adds stability and cannot be found in a natural amino acid.2 The end 
goal of the research is to produce precursors to unnatural amino acids that are more stable than 
their natural counterparts, and the reaction scheme in Figure 3 is the first pathway undertaken 
for this goal. 
 From this research, further exploration of related topics arises. For example, the PLE 
used is crude, meaning that there are several enzymes not isolated in the PLE mixture. There are 
currently at least six known isoenzymes of PLE that can be separated, and one or more of these 
isoenzymes may potentially produce an increase in enantiomeric excess..7  
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Chapter 2: Methods 
 
Pathway 1 
 The first reaction performed started with dimethyl malonate and 2-
thiophenecarboxaldehyde. The pathway consisted of four steps: a Knoevenagel condensation, 
reduction, methylation, and hydrolysis via PLE. Upon completion of the pathway, polarimetry 
was performed to determine specific rotation of the final product as well as analysis via chiral 













Knoevenagel Condensation  
 This research began by synthesizing the substrate needed to perform the PLE hydrolysis. 
The first step, known as a Knoevenagel condensation, required dimethyl malonate, 2-
thiophenylcarboxaldehyde, and piperidine (as the catalyst). The result of this reaction was 
product 1, a new product with the reactants joined with a carbon-carbon double bond.8 The 
reaction was set up based on prior research in the Masterson Research Group. While prior 
research in this group focused on dimethyl malonate connected to a furan aldehyde in the second 
and third position and a pyrrole aldehyde in the second position, this new reaction focused on 
joining dimethyl malonate with a thiophene aldehyde in the second position.2 
 This step produced setbacks, which resulted in a new method of performing this reaction. 
The original reaction, as seen in Figure 3, only involved adding piperidine to the mixture as a 
catalyst. While Pruett saw high yields with this method, I consistently saw very low yields 
(~11%) and large amounts of unreacted starting material. To increase the efficiency of the 
reaction, I adopted a method used by researchers at the Latvian Institute of Organic Synthesis.9 
Figure 4: Previous hydrolysis pathway done by Dr. Maureen Smith with %ee of each 
product shown 
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In addition to the piperidine, toluene, and a small amount of acetic acid were added, as seen in 






The Dean-Stark apparatus, shown in Figure 6, allowed for azeotropic distillation of  the 
toluene and the water produced from the reaction. The water would then collect at the bottom of 
the burette, and toluene would be recycled for the duration of the reaction. With this new 
method, the reaction took place for three hours, and a crude yield of greater than 90% was 
achieved. The original method kept the water produced in the same flask as the reaction, so it is 
possible that the water slowed the reaction between the starting materials. With the Dean-Stark 
apparatus, the water was distilled into the buret, thus leaving nothing in the way of the reaction. 






Reduction through Sodium Borohydride 
 The next reaction performed was a reduction facilitated through using sodium 
borohydride (NaBH4) and methanol as a solvent. The reaction reduces the double bond attached 
to the alpha carbon formed from the Knoevenagel condensation.2 While the ratio of Knoevenagel 
product to sodium borohydride should be 4:1 due to sodium borohydrides ability to offer four 
hydrogens for reduction, NaBH4 can easily react with the water vapor in the air, so a 2:1 molar 
ratio of Knoevenagel product to sodium borohydride was utilized to ensure that NaBH4 would 
not become the limiting reactant. The result of the reaction relied heavily on the amount of time 
the condensation product reduced. Initially in my research, over reduction would occur. I 
attempted to rectify this by performing a Fischer esterification and then a Jones oxidation, but the 
Figure 6: An example of a Dean-Stark apparatus along with the resulting diagnostic 
peaks from the 1H-NMR of this new method.  
 
 9 
amount of usable product dwindled to the point of no longer being sufficient. A second method 
was taken where the reduction went for only three hours. This amount of time produced differing 
yields, but all trials had a 75% yield or higher.  
 The reaction began by dissolving the condensation product in methanol. From there, the 
appropriate amount of NaBH4 was added, and the reaction was stirred under nitrogen. To purify 
the compound, the mixtures pH was adjusted to 6.0. Then, a liquid-liquid extraction was 
performed, with the organic layer being washed with water, brine, and sodium sulfate. The 
organic layer was dried with magnesium sulfate and filtered, and then all solvent was evaporated. 
This is the only step that required a column with a 9:1 hexanes to ethyl acetate solvent system. 
Pure product was produced, and purity was essential since the methylation step would fail with 
any presence of condensation product.   
Methylation of the α-Carbon 
 
 The next reaction to be performed involves adding a methyl group to the alpha carbon of 
the diester. As seen in prior research in the lab, this step involves reacting the diester with methyl 
iodide through the usage of sodium hydride.5 The result of this reaction is key in eventually 
creating a stable unnatural amino acid. The added methyl group displaces the hydrogen 
previously attached to the alpha carbon, so the alpha carbon is more stable and cannot experience 
hydrogen bonding. This reaction was performed under nitrogen in a three-neck round bottom 
flask connected to a reflux condenser. First, the appropriate amount of sodium hydride was 
added and then washed with pentanes. Then, the product was dissolved in THF and added to the 
main flask dropwise. The mixture stirred for 15 minutes under ice and then 15 minutes at room 
temperature. Once the mixture turned from cloudy to clear, it was put under a heating mantle and 
refluxed for one hour. The product was purified by washing it twice with water, twice with brine, 
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and then twice with ether. Then, the product was dried, evaporated, and weighed. The resulting 







 As mentioned in the previous section, pure methylated product was necessary. I 
attempted the methylation with some remaining condensation product, and the following NMR 
was the result: 
 






The structure of this product is unknown, and the needed product was far from salvageable. 
Thus, more condensation product was reduced and prepared for methylation. 
 
Pig Liver Esterase Hydrolysis 
The final step was to take the methylation product and react it with crude pig liver 
esterase. The crude PLE changed the diester into a half ester, and although beyond the scope of 
this reaction scheme, product 4 of Figure 3 can then be formed into an unnatural amino acid 
through a Curtius rearrangement.1 
Methylated product was reacted with crude pig liver esterase in a phosphate buffer kept at 
a pH of 7.4 through automatic titration. The reaction ran for four hours, and some product was 
analyzed via HPLC. 
 
 




 The second pathway explored was nearly identical to the first pathway, with the only 
difference being that 3-thiophenecarboxaldehyde was used instead of 2-
thiophenecarboxaldehyde. There were no procedural changes between pathways 1 and 2 (besides 




Chapter 3: Experimental 
 Aside from the hydrolysis step, each reaction from both pathways was purified by liquid-
liquid extraction. The organic phase (which contained the product and diethyl ether) was at each 
step washed with water and brine in triplicate. Once the organic phase was isolated, it was dried 
with magnesium sulfate, filtered, and left under vacuum until needed. After all solvent was 
suspected to be removed, 1H-NMR was conducted on each product to determine purity, and 
percent yields were calculated.  
Figure 9: The second pathway performed with 3-thiophenecarboxaldehyde 
rather than 2-thiophenecarboxaldehyde. 
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Knoevenagel Condensation 
Originally, the Knovevenagel condensation was performed via Pruett’s method. 
Reactants were added in a 1:1 molar ratio, and five milliliters of piperidine were added. The 
reaction took place in a pressurized conical vial in a metal block on a heated stir plate. Reaction 
temperatures were kept around 70ºC, and the reaction was run for at least three hours (but often 
overnight). This method produced low yields (often around 10%) and required a column. 
 Upon the adoption of a new method, no column was required, and only a simple 
purification was necessary.9 The new and currently used method involves adding toluene and 
acetic acid as reagents and using a Dean-Stark apparatus to perform an azeotropic distillation. As 
shown in Figure 6, the water produced by the reaction is trapped in the buret, and the toluene is 
recycled back into the flask. This method gave yields greater than 90%, and no column was 
required. This method worked for both pathways.   
 
Reduction via NaBH4 
Like the previous step, a stir plate and spin vane were necessary. However, no heat was 
required for this step. Initially, the ratio between condensation product and sodium borohydride 
was 1:1, but due to having instances of over reduction, a ratio of 2:1 was adopted. The product 
from the previous step and methanol were placed into a round bottom flask. From there, the 
correct amount of NaBH4 was added, and the mixture stirred under nitrogen for three hours. The 
result was a 3:1 ratio of reduced product to starting material. After a column with a solvent 





Methylation at the α-carbon 
 
To perform the methylation, an apparatus consisting of a condenser, stir bar, three-neck 
round bottom flask, glass stoppers, and nitrogen gas inlet was assembled. Pure reduced product 
was then loaded into the flask along with anhydrous THF. From there, the appropriate amount of 
sodium hydride was added, and the mixture was stirred in an ice bath for 15 minutes and at room 
temperature for 15 minutes. Once the mixture turned from cloudy to clear, methyl iodide was 
added in slight excess. The apparatus was placed over a heating mantle regulated by an 
autotransformer and allowed to reflux for three hours. A standard liquid-liquid extraction was 
performed for purification.  
 
Pig Liver Esterase Hydrolysis 
 
A portion of the methylated product was placed in a beaker along with 40 mL of a 7.4 pH 
phosphate buffer. For both pathways, 200 mg of methylated product was converted into a half 
ester. The amount of PLE used varied. For the hydrolysis of the methylated product in Figure 3, 
120 units of PLE were used per millimole of methylated product (1mg PLE = 18 units). For the 
hydrolysis product in Figure 9, 40 units of PLE were used per millimole of methylated product. 
These amounts varied based on the amount of time available to purify the reaction products. The 
reaction shown in Figure 3 took approximately four hours, but I chose to lessen the amount of 
PLE from Figure 9 due to needing to have the hydrolysis run overnight.  
To maintain a stable pH, the reaction was auto-titrated with 1M NaOH.  The ratio 
between NaOH and methylated product was 1:1. The reaction was considered complete when the 
auto-titration instrument indicated no pH changes within the beaker.  
Compound purification differed from prior steps. First, the pH was adjusted to ensure the 
mixture was basic. A liquid-liquid extraction was performed with brine and diethyl ether. From 
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there, the water layer was extracted. Due to the basic pH, the hydrolysis product was in this 
layer. The pH was adjusted to be acidic, and two layers were observed to be forming from the 
one aqueous layer. Ether was once more added to the mixture, and a final extraction was 
performed. The new organic layer was then dried with magnesium sulfate and filtered, and the 
solvent was evaporated in a Buchi rotavapor. No heat was applied to the flasks of either 
hydrolysis product while under the rotavapor to prevent decarboxylation.  
 
Chapter 4: Results 
Both pathways from Figure 3 and Figure 9 were successfully completed.   
















 The results for %ee shown in Table 1 were obtained from chiral HPLC data placed into 
Equation 1. Both hydrolysis reactions were performed with crude PLE in a pH of 7.4. 
 
 
Table 1: PLE Hydrolysis Results 
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In Figure 10, the peaks around 7-8 ppm are the solvent peak (chloroform-d) along with 
the aromatic protons. The peaks around 4 ppm are the two methoxy peaks I used to confirm the 
success of the reaction. Due to the double bond at the alpha carbon, there are two separate 

























In Figure 11, the two identical peaks between 3.8 and 4.0 ppm are from unreacted 
condensation product, while the taller peak between 3.6 and 3.8 ppm is indication of reduction 
product presence. The absence of the double bond in the reduction product allows for free 
rotation along a newly-formed single bond, causing only one peak to represent the methoxy 





Figure 11: Crude reduction product is shown.  
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 Figure 12 shows pure reduction product (with some unevaporated solvent around 3.5 
ppm). The single, intense peak around 4 ppm replaced the two original peaks, indicating the 
reduction of the double bond. The reduction was the only step that required a flash column, and, 
as mentioned previously, purity of this step was essential. If the compound was not pure, the 
methylation was observed to fail. This could be due, in part, to the methylation steps reagents 
reacting with any remaining condensation product.   
 
 
Figure 12: Pure reduction product is shown. The prior two peaks from the 




Pure Methylated Product 
 
 
The peak around 3.5 ppm indicates the presence of the added alpha carbon. The 
methylation of the reduction product was a relatively straight-forward process. Obtaining the 
pure compound shown in Figure 13 took, from initial calculations to final product, less than two 
and a half hours. One of the most crucial steps in this reaction was to ensure that the mixture of 
sodium hydride and starting material turned from cloudy to clear before the addition of methyl 
iodide. This ensured that the starting material could accept a methyl group at the alpha carbon.  
 
 
Figure 13: Pure methylated product is shown.  
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The peak past 10.0 ppm indicates the presence of a carboxylic acid. The peak around 3.5 
is unevaporated solvent and is overshadowing the alpha methyl peak there as well. 
When the sample underwent chiral HPLC, the retention times of interest were 6.333 
minutes for peak 1 and 6.966 minutes for peak 2. Peak 1 integrated to 56388.8270, and peak 2 





Figure 14: The successful hydrolysis of the malonic ester with 
the second position thiophene substrate is shown.  
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The carboxylic acid peak is not entirely visible but is slightly present around 4.5 ppm. 
The peaks between 1-1.5 ppm are from ether. 
When the sample underwent chiral HPLC, the retention times of interest were 9.516 
minutes for peak 1 and 11.000 minutes for peak 2. Peak 1 integrated to 20669.3250, and peak 2 
integrated to 17391.5670. Given these values, the observed enantiomeric excess was 8.6%.  
 
Chapter 5: Discussion and Conclusion 
 The results of these experiments contradicted prior hypotheses of the Masterson Research 
Group. The thiophene-substituted malonic half esters were expected to be in a racemic mixture 
due to sulfurs inability to be a hydrogen bond donor or acceptor, but enantioselectivity was 
Figure 15: The successful hydrolysis of the malonic ester with the 
third position thiophene substrate is shown.  
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observed for both compounds. With the thiophene in the second position, a 43% enantiomeric 
excess was observed, and an 8.6% enantiomeric excess was observed with the thiophene in the 
third position. This decrease in %ee from the second to the third position was observed in prior 
substrates, but this relationship was not expected for these half esters due to sulfurs inability to 
be a hydrogen bond donor or acceptor. The results for third position thiophene-substituted half 
ester closely resemble the observed enantiomeric excess for Dr. Smith’s benzyl substituted half 
ester. This relationship was expected for the second position thiophene substrate as well but was 
not observed.1-2 The reason for these findings is unknown. It is possible that sulfurs size crowded 
the region around the alpha carbon in the first half ester synthesized, causing enantioselectivity. 
For the second half ester, the sulfur was further away from the alpha carbon, so it is possible that 
there would be less crowding. The results do support this idea, given the hydrolysis product 
shown in Figure 9 was nearly racemic. 
 Future experimentation is needed to pinpoint the cause of the unexpected enantiomeric 
excess.  One future experiment could involve using a non-hydrogen bonding aromatic substrate 
which contains a large atom close to the alpha carbon to determine any correlation between 
substrate size and enantiomeric excess. This line of experimentation was previously suggested by 
Dr. Smith.10 A new pathway could begin with dimethyl malonate and selenophene-2-
carbaldehyde to test this hypothesis. Selenium could be used due to being like sulfur in its 
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